Introduction
Linear α-olefins (LAOs) are important chemical intermediates for the production of detergents, lubricants and as co-monomers in linear low density polyethylene (LLDPE). [1] [2] [3] [4] Several commercial processes produce LAOs with different distributions of chain lengths.
The Alfen process involves stepwise insertions of ethylene into the Al-C bonds of aluminium alkyls, resulting in a range of LAOs that follow a Poisson distribution. The Shell Higher Olefin Process (SHOP) oligomerises ethylene with a nickel-based catalyst (see Figure 1) , 5 where chain propagation competes with chain termination according to the Cossee mechanism, 6 resulting in LAOs with a Schulz-Flory distribution. 7, 8 Several chromium complexes have been reported that oligomerise ethylene with high selectivity to 1-hexene or 1-octene, for example those based on PNP ligands, [9] [10] [11] [12] and more recently with PNC=N and PC=N ligand systems. 13, 14 The trimerisation of ethylene to 1-hexene with a pyrrole/chromium-based catalyst is operated by the Phillips Petroleum Company, 15 and Sasol has recently commercialised a tri/tetramerisation technology based on PNP/chromium catalysts for the production of 1-hexene and 1-octene. 16 Some examples of commercial oligomerisation catalysts are collected in Figure 1 . Deuterium labelling studies have shown that many chromium catalysts operate via a metallacyclic mechanism rather than a Cossee chain growth mechanism. [17] [18] [19] Here, we report a comprehensive study on these extremely active and remarkable chromium BIMA oligomerisation catalysts. The effects of different ligands, the coordination geometry around chromium, reaction parameters such as pressure and the nature of the cocatalyst on catalytic activity and product distribution have been investigated. Alternating distributions can be mathematically described by second order recurrence relations, which are related to first order recurrence relations, for example the Schulz-Flory distribution. 22 Detailed analysis of the product distribution, including all side products, has led to a mechanistic proposal that involves a metallacyclic mechanism whereby both single and double ethylene insertion in the metallacycle are key steps in the oligomerisation process.
Results and Discussion

Ligand and Complex Synthesis
A series of nitrogen-based ligands 1-21 has been prepared, based on the original bis(benzimidazolemethyl)amine (BIMA) ligand 2 (see Figure 3 ). The synthesis and 29 have been prepared by published methods and our 1 H NMR values agree with those reported previously. The extended ligands 18 and 19 were prepared according to a published procedure by condensation of phenylene diamine with 3,3'-iminodipropionitrile and our NMR data agreed with the data provided. 30, 31 The new ligands 3 and 7 were prepared by conventional condensation of phenylene diamine with N-alkyl iminodiacetic acid diethylester (see Experimental Section). 3 ] which was characterised by NMR and X-ray diffraction (see Figure 5 ). 
Ethylene Oligomerisation Results
The chromium(III) complexes [Cr(L) Cl 3 ], where L = 1 -21 have been applied as catalysts for the oligomerisation of ethylene (Table 1) . The liquid fractions have been analysed by FID-GC and the solid fractions by GPC in selected cases. For those catalysts that give an alternating olefin distribution, up to approximately 20 wt% of the total product collected is in the liquid phase, consisting of essentially pure C 4 -C 38 LAOs. The gas phase contains predominantly ethylene and butene, which were not quantified. Solid polyethylene (80-100 wt%) constitutes the remainder of the product spectrum and the fraction with M n values between 1000-2000 is the tail end of the overall LAO distribution. Based on several identical runs, the error in terms of activity and product selectivity values was estimated to be approximately 10% (see Table S1 and Figure S7 ). 
where n is the number of ethylene units in the oligomer and R is the total molar amount of oligomers produced within the reaction time. The term α is the probability of chain propagation, which is defined by the rate of propagation divided by the sum of the rate of propagation and termination. The term 1-α represents therefore the probability of chain termination. The mol% fraction for each oligomer equals mol%(n) = mol(n)/R = (1-α)α n-1 .
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Alternating LAO distributions, as obtained here with chromium complexes containing ligands 1-10, 13 and 18, can be mathematically described as a second order linear homogeneous recurrence relation with constant coefficients. 43 Each oligomer fraction is related to the previous fraction and the one before by the parameters α and β respectively, which are the probabilities of chain growth via single ethylene insertion (α) and double ethylene insertion (β) (see Scheme 1). The term 1-α-β represents the probability of termination.
Scheme 1: Ethylene oligomerisation resulting in alternating distributions
The general solution to this recurrence relation takes the form mol(n) = c 1 r 1 n + c 2 r 2 n , whereby c 1,2 and r 1,2 are related to α and β. 43 Experimental data obtained for an alternating distribution can be fitted to this equation to determine c 1,2 and r 1,2 , and thereby α and β and 1-α-β. Data fitting analysis is performed using the C 10 -C 34 LAO fraction (n = 5-17) and the goodness of fit is expressed by the R 2 values in the last column in Table 2 . The C 4 -C 8
oligomers are omitted because 1-butene (C 4 ) is too volatile for quantitative analysis and, as will be explained below, the experimental values for 1-hexene (C 6 ) and 1-octene (C 8 ) can sometimes deviate from the values calculated from the distribution analysis based on C 10 -C 34 .
The analysis for a selection of distributions is collected in Table 2 where c 2 /c 1 = 0.99.
In many cases, differences are observed between the experimental amounts obtained for 1-hexene (C 6 ) and 1-octene (C 8 ) and those extrapolated from the C 10 -C 34 distribution. These minor deviations are attributed to differences in the probabilities for metallacycle growth (α and β) and termination (1-α-β) for smaller metallacycles early on in the oligomerisation process. These differences become negligible for larger metallacycles beyond metallacyclononane (C 8 ), and the propagation and termination probabilities converge to constant values. The small deviations observed here for C 6 and C 8 with chromium BIMA catalysts are probably related to other chromium-based catalysts where differences at the early stages of metallacycle growth lead to oligomerisations where 1-hexene or 1-octene become the major products of the distribution. 43 This is for example observed with chromium-based selective oligomerisation catalysts.
Effect of pressure
Ethylene oligomerisation with catalyst [Cr(17)Cl 3 ], which contains a meridional ligand 17 with a central pyridine donor, results in a Schulz-Flory distribution of LAOs. 39 The total oligomer yield obtained at different gauge pressures from 1-4 bar follows a first order dependence on ethylene concentration (see Figure S2 ). The order in ethylene concentration for individual LAOs is conveniently determined from the slope in a ln(rate) versus ln[ethylene] plot, 44 whereby ethylene pressure is a reliable proxy for concentration in solution. 44, 45 The rate can be approximated by the amount of LAO produced within a given time. A first order dependence on ethylene pressure is observed for individual LAOs in this case and the difference for example between the orders for 1-octene and 1-hexene formation is very close to zero (see Figure S5 ). The LAO distribution is characterised by α = 0.87, which is independent of ethylene pressure within the pressure range from 1-4 bar. Because α is equal to the rate of propagation divided by the rate of propagation plus the rate of termination, this suggests that both the rate of propagation and the rate of termination are affected in a similar manner by ethylene concentration and that therefore chain transfer to monomer must be the main termination pathway (rather than β-H elimination). Figure 7 shows that the degree of alternation becomes more pronounced at higher pressure such that individual oligomers appear to have different orders in ethylene.
Indeed, the difference between the orders for 1-octene and 1-hexene formation is distinctly non-zero (see Figure S6 ). The higher order for the formation of 1-octene with respect to 1-hexene suggests a different mechanism involving both single and double insertions of ethylene in the case of 1-octene formation, whereas 1-hexene formation proceeds via single ethylene insertions only. . Conditions: see Table 3 . From Table 3 it appears that the ratio between the propagation probabilities for double versus single ethylene insertion (β/α) is pressure dependent. The increase in β/α shown in Figure 8 suggests that double insertion becomes more likely than single insertion at higher pressure. While the trend appears to be linear within this pressure regime, it is unclear at this stage whether this trend continues at higher or lower pressures. 
Effect of different co-catalysts
Different co-catalysts have been evaluated in combination with BIMA catalyst [Cr(2)Cl 3 ].
All co-catalysts listed in Table 4 abstractor also shows a reasonable activity with a comparable oligomer distribution.
Experimental and calculated distributions can be found in Figures S8-12 . While the differences between the distributions appear to be small, given the 10% error margin (see Table S1 ), we do believe they are significant. It appears that the nature of the co-catalyst can affect the oligomer distribution to some degree and that a trialkyl aluminium in general is an important aspect of the co-catalyst, something that will be discussed in more detail in the last section. 
Side products
The selectivity for the formation of LAOs obtained with chromium BIMA catalysts is generally very high, typically in excess of 95% (see Table 1 ). In addition to the main LAO distribution, a second minor distribution can sometimes be observed, depending on the reaction conditions. This minor distribution follows the opposite alternating pattern compared to the main distribution, i.e. oligomers derived from an odd number of ethylene units are more abundant than those from an even number, as can be seen in Figure 2 .
Because 1-butene is the major product in these oligomerisation reactions, the second minor distribution is generated from incorporation of 1-butene into the oligomerisation reaction, as shown in Equations 2 and 3. This was confirmed by oligomerisation experiments of ethylene with additional 1-butene, using catalyst [Cr(2)Cl 3 ] (Table 5 ). In the absence of 1-butene, the wt% ratio between the major and minor fraction is approximately 17:1, which changes to 5:1 upon addition of an excess of 1-butene. The identity of the minor products was confirmed as a distribution of 2-ethyl-1-alkenes, based on NMR and GC analysis (see Figure S13 ) and comparison with an authentic sample of the C 6 product 2-ethyl-1-butene (m = 1 in Eq. 3).
Co-oligomerisation of ethylene with higher 1-alkenes is known to occur with chromium-type oligomerisation catalysts that operate via a metallacyclic mechanism. , includes 1-alkenes, 2-ethyl-1-alkenes and polymer. d) weight percentage of olefins in the liquid fraction, remainder is solid polyethylene. e) 1-alkenes distribution: n = 1 is ethylene, n = 2 is 1-butene etc.; 2-ethyl-1-alkenes distribution: n = 1 is 1-butene, n = 2 is 2-ethyl-1-butene etc.
Mechanistic considerations
Single and double coordination mechanism
Chain growth in chromium-based BIMA catalysts proceeds via a metallacyclic mechanism.
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A single coordination mechanism, i.e. coordination and insertion of a single ethylene unit at a time, results in a Schulz-Flory distribution, which is observed for example with chromium catalysts of ligands 14 -17 that do not have a central amine donor. An alternating distribution is obtained via a double insertion mechanism, whereby two ethylene monomers coordinate to the chromium centre and insert sequentially. 43 In this case, the termination probability after the first insertion is zero and the metallacycle effectively grows by two ethylene units at a time. The single and double insertion mechanisms can operate in parallel and the extent of each is determined by the probabilities α and β, which are affected by the catalyst, ethylene pressure, temperature, and the coordinating properties of the solvent and the anion (co-catalyst). We have previously established a double insertion route as the main mechanism in ethylene tetramerisation with Cr-PNP catalysts. Structural studies (vide infra) have shown that BIMA ligands can coordinate in a tridentate fac or mer fashion (see Figure 4) [49] [50] [51] Very low activities were observed for both catalysts (see Table 6 ). Similar reduction in catalytic activity was observed by
McGuinness with tridentate versus bidentate pyridine carbene ligands. 49 The chromium complex with benzimidazole pyridine 22 resulted in a Schulz-Flory distribution of LAOs, similar to the oligomerisation with the bis(benzimidazole) pyridine ligand 17 (see Table 1 , run 15). The distribution obtained with ligand 23 showed alternating behaviour (Table 6 ).
Tridentate BIMA ligands clearly give a much better performance than the bidentate ligands 22 and 23. Notwithstanding, partial dissociation of one donor during metallacycle growth to provide the necessary coordination sites for two ethylene monomers, cannot be dismissed from these results. was characterised by NMR spectroscopy and X-ray diffraction (see Figure S22 ). Related cyclic aluminium benzimidazole complexes have been reported previously. 52, 53 These observations suggest that the active species is generated upon reaction of the co- Table 6 ).
The possibility of partial ligand dissociation was also investigated by DFT calculations. Further studies to understand this intriguing class of oligomerisation catalysts, and our search for new catalysts which will generate as yet unseen oligomer distributions, continues.
Experimental Section
Synthesis of ligands
N-bis((1H-benzimidazol-2-yl)methyl)-N-n-butylamine (3)
Compound 3 was synthesised using o-phenylenediamine ( 
N-bis((1H-benzimidazol-2-yl)methyl)-N-tert-butylamine (7)
Compound 7 was synthesised by an analogous procedure to that described for 3 using o- 
Synthesis of chromium complexes
All Cr(III) complexes are paramagnetic and no NMR spectra could be recorded. 
N,N-bis((1H
-
N,N-bis((1H-benzimidazol-2-yl)methyl)-N-(tert-butyl)amine chromium(III) chloride
[Cr (7) 
O-bis((1H-benzimidazol-2-ylmethyl)-ether chromium (III) chloride
Cationic complexes
Trans-dichloro(mer-N-bis((1H
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